Ireland reports high levels of construction and demolition waste (C&DW) recycling, yet has conducted little research into the use of recycled aggregates. This study examines whether recycled aggregate can offer a viable alternative to the use of natural aggregate in concrete production.
Wasted Resources
According to the European Aggregates Association, the construction of an average home requires up to 400 tonnes of aggregate (European Aggregates Association [UEPG] , 2012) and although the exact number of houses in these problem developments is unknown, there are currently over 30,000 unoccupied or unfinished dwellings with no activity on site (Housing Agency, 2012) . The possible demolition of these properties represents the potential waste of tens of millions of tonnes of natural aggregate resources, including the environmental impact of the manufacture and transportation of these goods.
Recycled Aggregate
Recycled aggregates are produced from reprocessing inorganic material previously used in a construction process, which includes crushed concrete from construction and demolition waste (C&DW). Recycling waste concrete into aggregates is considered to be more sustainable than the extraction, processing and transportation of natural aggregate (Ready Mixed Concrete -Introduction, 2012; Sustainable Aggregates, 2013; Mineral Products Association [MPA], 2011) . With the quality of recycled aggregates from demolition improving, many countries across Europe, whether through a lack of landfill space, availability of natural materials or for environmental benefit, use recycled aggregate in construction products, with some countries specifying that recycled aggregate must be used in publicly funded works (UEPG, 2012) .
In Ireland, the use of additional cementitious materials and efforts to reduce the environmental impact of cement production have been well publicised, and awareness among concrete specifiers and manufacturers of the benefits to be gained from improved environmental performance is increasing (Sustainable Development, 2013; Environmental -Overview, 2013 ). With few exceptions, the use of recycled aggregates in the production of ready-mixed concrete has received little attention, with the material used predominately for infrastructure projects (Ready Mixed Concrete -Introduction, 2012 ).
There has been little research into the use of recycled aggregates in Ireland and while there have been many studies conducted elsewhere, these have tended to concentrate on one aspect of the material's technical, environmental or economic performance, whereas, this study examines all three elements to determine if the use of recycled aggregate could be feasible in a commercial operation. This study may open the way for future research into greater use of recycled aggregate in Ireland and into the way in which future taxation policy could be utilised to promote and benefit resource management and greater sustainability within the construction materials supply sector.
Objectives and Methodology
There has been little research into the use of recycled aggregates in Ireland and while there have been many studies conducted elsewhere, these have tended to concentrate on one aspect of the material's technical, environmental or economic performance. This study examines all three elements to determine if the use of recycled aggregate could be feasible in a commercial operation. This study may open the way for future research into greater use of recycled aggregate in Ireland and into the way in which future taxation policy could be utilised to promote and benefit resource management and greater sustainability within the construction materials supply sector. Vol. 4, No. 4; This study examines previously published studies and reports, together with the experiences of those in industry, to compare recycled aggregate derived from C&DW and natural aggregate to determine if recycled aggregate could offer a viable alternative for use in the production of ready-mixed concrete In Ireland.
This is done by:
• investigating the options available for the use of construction and demolition waste,
• examining the effect of using recycled aggregate on the properties of concrete,
• comparing the environmental impact of producing natural aggregates to that of recycling aggregate, and • comparing the cost and relative difficulties of reprocessing construction and demolition waste for re-use as aggregate to the extraction and processing of virgin material.
The project involved a desktop study of literature and reports, requests for information and/or assistance from companies and individuals involved in: construction material supply, demolition and recycling industries, government agencies and industry bodies. Approximately one quarter of those contacted responded with information. Of those responses, follow up phone calls/interviews were conducted.
Construction and Demolition Waste in Ireland
Legislation governing the management of waste from construction and demolition projects in Ireland In 2002, the National Construction and Demolition Waste Council (NCDWC) was established as a voluntary construction industry initiative to promote best practice in waste prevention, reduction, reuse and recycling in construction and demolition projects. The council was also required to provide a framework for achieving compliance with the Irish government requirement for increasing the recycling of C&DW from a target of 50% in 2003 to 85% by 2013 (Voluntary Construction Industry Initiative, 2013). Best practice guidelines for the preparation of waste management plans for construction and demolition projects in both the public and private sectors were published in 2006. The council has been largely inactive since 2008, as many members have left the industry and/or the organisations they represent are no longer operational.
Demolition Process
While every demolition project is different, the decision on the process to be used depends on space, time available and on costs, as it is more economical to first knock a building and then segregate the waste. Depending on the individual job or client, demolition projects may have a specification for both the demolition works to be carried out and the recovery and recycling of materials. While the types and quantities of materials used in the construction of a housing development vary considerably depending on the size, style, construction method and quality of build, Table 1 details estimated tonnages of materials containing aggregate in a three bedroom house, which could be recovered to produce recycled aggregate. The cost of demolition can be considerable; Table 2 provides the estimated demolition costs per cubic metre of a typical three bedroom semi-detached house in Ireland. These costs do not include waste separation and treatment. Vol. 4, No. 4; It is estimated that it is possible to recover and recycle 95-98% of demolition waste in Ireland. If a building contains salvageable materials such as doors, windows, plumbing and sanitary ware or if space is limited, for example in a city centre, a building will usually be soft stripped to remove as much material as possible before demolition. If these salvaged materials have a market value, they may be reused. Timber and metals are removed and passed to specialist recyclers depending on distance from the facility. Metals are segregated for specialist recovery abroad, while timber, when conditions allow, is reused in Ireland (Metals Recycling, 2013) . Remaining mixed waste is sent to recycling centres for processing. Plastics such as HDPE (High-density Polyethylene) or PVC (Polyvinyl Chloride) are recovered, baled and sold as a plastic grade. In particular HDPE, which is used in the manufacture of plastic pipes and drains, can be reprocessed to produce a 're-melt' grade of plastic pellet for use in injection moulding industries within Ireland. Building rubble, which contains materials such as concrete, masonry, and brick, can be crushed on site and reused as backfill material on the site or sent to landfill; generally waste concrete is not sent for recycling as there are few available end markets.
Waste Reporting
In line with construction activity, the level of reported C&DW collected in While these figures appear to show that Ireland is recovering a high proportion of C&DW, the EPA reports considerable discrepancies between amounts collected and those recovered and disposed of (Table 3) . These discrepancies are generally attributed to a lack of reliability of some sources, mainly as a result of poor record keeping by waste facilities and estimated rather than actual figures being supplied by operators (McCoole et al., 2013) . Therefore, reported figures for recovery should be treated with caution. It should also be noted that the annual reported figures do not include demolition rubble reused on site. 
Recycling of Waste
Two Irish data sources reported amounts ranging from 2. (Figure 2 ), it can be calculated that 67% of C&DW collected in Ireland comprised of soil and stone, which can be presumed to be excavated material, with less than 5.5% of the collected material containing rubble, which normally consists of waste concrete/block. The lack of reliable data and missing records make it extremely difficult to calculate the potential availability of material for recycling, or its fate.
C&DW Recycling in the EU
EU countries, in line with Article 11 of Waste Framework Directive 2008/98/EC, are required to achieve a minimum target of recycling 70% of non-hazardous C&DW by 2020. There are differences in handling, reporting and definitions of both waste and recycling between member states which can make estimating actual recycling rates difficult (European Commission DG ENV, 2011; Directive 2008/98/EC on waste (Waste Framework Directive), 2013). Most of the EU15 countries report C&DW recycling levels of over 60% with countries such as Germany, The Netherlands and Denmark achieving high levels of recycled aggregate use (Fischer & Werge, 2009 ). In Germany, the material is used almost exclusively in earthworks and road construction (Weil, Jeske, & Schebek, 2006 
Viability of Recycled Aggregate
To be a viable alternative to natural material, recycled aggregate must offer a cost effective alternative to natural primary material that meets technical requirements while having a lower impact on the environment. Duran, Lenihan, & O'Regan, (2006) examined the economic viability of creating markets for recycled C&DW in Ireland, with a proposal to establish three (two fixed and one mobile) recycling centres in major urban areas. They assumed that demolition contractors would bring waste to a recycling centre only if it cost less than disposal at a landfill site.
The decision on whether to use recycled aggregate was deemed to be similar in terms of providing a cost advantage, with the additional requirement that the recycled material must be of comparable quality to an equivalent natural aggregate. The authors concluded that to encourage the adoption of recycled aggregates, the cost of using landfill and natural aggregates should include the environmental cost of these activities by way of additional charges and taxes. 
The Irish Context
While it is difficult to verify quarry output figures for Ireland (InterTrade Ireland, 2012) , by 2012 output had reduced to just 20% of estimated capacity (Table 4) . Landfill charges have also increased substantially in the intervening years (see section 4.4). In 2011, the Irish Government raised the possibility of introducing an aggregate levy. Unlike the UK, this was not intended as an environmental tax but as a fund for remediation works to those homes affected by pyritic heave (Levy to fund remediation scheme for pyrite homes will provide certainty for homeowners, 2012), however this was not pursued. Given the changes in industry and the lower volumes of C&DW being generated, the proposal for dedicated recycling facilities may be no longer viable; a possible alternative would be for waste material to be brought to quarries where the necessary machinery, equipment and expertise for processing aggregate already exist.
Concerns of construction materials suppliers with regard to the environmental impacts of their business has resulted in the adoption of industry led environmental codes and the widespread introduction and acceptance of alternative cementitious products intended to reduce the greenhouse gas emissions associated with cement production (Irish Concrete Federation [ICF], 2005a; Sustainable Development, 2013) . Despite increasing charges and changing attitudes, the use of recycled aggregate remains low, with the predominant use being backfill following demolition. This may be due to a number of reasons not least the abundant availability of good quality, low-cost primary aggregate, for which demand has fallen considerably in the past few years. (NSAI, 2013a) . While no specific provision is currently made for the use of recycled aggregate in concrete produced in Ireland, the National Annex allows for its use provided that it is 'by agreement of the parties involved on a project by project basis' (NSAI, 2010) . This can be interpreted to mean that the specifier, that is, the person or body responsible for establishing the specification for the fresh and hardened concrete, must agree to its use or the producer cannot utilise the material. In the absence of suitable guidance being available in Irish standards, specifiers generally apply requirements as set out in UK standards and guidance documents. • Recycled Concrete Aggregate (RCA), the product of crushed concrete, resulting in a material that consists of the original primary aggregate used in the parent concrete and the hardened cement paste (mortar) that has adhered to it.
• Recycled Aggregate (RA), produced from demolition waste which includes concrete, masonry and asphalt.
The allowable limits of contaminants in coarse aggregates (material >4mm) by BS 8500 are set out in Table 5 . Due to the wider composition of RA and the greater potential for harmful constituents, the standard limits its use to strengths of no more than C16/20 or 16MPa (Chisholm, 2011) . The use of fine recycled aggregate is not covered by the standard but its use is not precluded, provided that it can be demonstrated that there are no deleterious materials present and its use has been agreed (Chisholm, 2011) . The standard also places restrictions on the use of RCA to strengths of C40/50 (40MPa) and places a maximum replacement level of 20% for strengths of C16/20 (16MPa) to C40/50 (40MPa) for designated concrete. Additionally BS 8500 places restrictions on the exposure classes in which concrete manufactured using recycled aggregate can be placed (Chisholm, 2011) . BRE Digest Vol. 4, No. 4; 2014 251 330 which provides guidance on minimising the risk of damaging alkali-silica reaction in concrete classifies RCA as being 'normally reactive' (non-reactive), whereas it takes a precautionary approach to RA by classifying it as being highly reactive due to the high variability of constituent material (Livesey, 2009) . This restriction will limit the use of RA in certain applications.
Recycled aggregate is not one material, but a combination of the original natural aggregate and the mortar that has adhered to it, which has an effect on the mechanical properties of the material such as: water absorption, Los Angeles Abrasion (a measure of abrasion resistance) and modulus of elasticity (de Juan & Gutiérrez, 2009 The University of Dundee examined recycled aggregate (RA) as defined by BS 8500, finding that the material was suitable for use in concrete and road construction but tended to be highly variable. This variability was dependent on the geological rock type, feed material and the type of processing used (Dhir, Paine, & Halliday, 2008) as processing affects the amount of adhered mortar and particle shape (Matias, de Brito, Rosa, & Pedro, 2013; Etxeberria et al., 2007) . Recycled aggregates made with lower strength parent concrete and second generation recycled aggregate both produce better results as the crushing process removes more of a weaker mortar than that of a higher strength mix. This results in a higher proportion of natural aggregate in the final product (Tabsh & Abdelfatah, 2009; Marie & Quiasrawi, 2012) . Care must be taken however when recycled aggregate contains masonry as potential contamination with gypsum can affect the setting time of concrete and potential reactivity may also cause damage to concrete (NSAI, 2013a).
Environmental Impacts
Within the life-cycle of concrete, the first phase of raw material extraction and last one of disposal and recycling are the main contributors to environmental effects (Marinkovic, Radonjanin, Malešev, & Ignjatovic, 2010; Marie & Quiasrawi, 2012) . Recycling C&DW as aggregate has been encouraged as a means of reducing environmental impact by reducing natural resource exploitation, transport and energy use in addition to reducing the amount of waste being sent to landfill (Cement Sustainability Initiative [CSI], 2009a).
Aggregates are a non-renewable resource; their extraction requires the resource base to be continuously extended, impacting on land use which in turn impacts on ecosystems, groundwater quality, and biodiversity (Bloodworth, Scott, & McEvoy, 2009 Vol. 4, No. 4; comparison, the UK has approximately 1,300 quarries (The quarrying industry, 2013) with a population 13 times greater (Statistics -Population, 2013; Theme: population, 2013) . While dust pollution, vibration and noise from quarrying activity are generally relatively low, they can cause nuisance. Problems may also occur from contaminated runoff from storm water, spoil heaps, washing ponds, and fuel spills discharging into water courses, and the de-watering of groundwater caused by excavation below the water table (Department of the Environment, Heritage and Local Government [DoEHLG], 2004) . Recycling C&DW will not completely remove these impacts (Blengini & Garbarino, 2010) particularly as the processes involved in the production of recycled aggregate are similar to that of natural aggregate production. However, their use can lessen the effect by reducing the frequency of activities such as drilling and blasting, reduced land take, groundwater and dust pollution. Recycling activity may also take place in sensitive locations where extraction would not be permitted.
Concrete is responsible for over 60% of the embodied energy of the materials used in construction of housing and is responsible for 99% of CO 2 emissions in the construction phase (Ortiz, Castells, & Sonnemannal, 2009) . Of the ingredients used, the greatest environmental impact occurs during the manufacture of cement, which results in approximately one tonne of CO 2 produced for every tonne produced, with cement responsible for 5% of the global production of CO 2 (CSI, 2009b) . However, once cement is hydrated, it cannot be recovered (CSI, 2009a) . Using recycled aggregate will not reduce greenhouse gas emissions from cement production and may in fact potentially result in an increase in cement use to compensate for lower strengths, therefore, increasing environmental impact. However, in a process known as carbonation, CO 2 from the atmosphere is reabsorbed into concrete. The rate is dependent on a variety of factors and difficult to measure but it has been estimated that over 50% of emitted CO 2 from cement manufacture will be reabsorbed by concrete over a 100 year period (Engelsen, Mehus, Pade, & Saether, 2005; Kjellsen, Guimaraes, & Nilsson, 2005 , Dayaram, 2010 . It has been determined that the greater surface area of the crushed recycled material allowed for increased carbonation levels, although the rate depend on how long material may be stored prior to reuse and the final use of the material (Engelsen et al., 2005; Kjellsen et al., 2005) . The UK Mineral Products Association (MPA) (2012) has looked specifically at how much CO 2 is likely to be absorbed during the demolition of a building. They found that following the demolition, separated materials may remain in place for some time prior to reuse. While this may be a very short period in life cycle terms, the exposure of crushed concrete to air for even a few weeks can result in a relatively rapid uptake of CO 2 (De Saulles, 2013).
Transport contributes significantly to environmental impacts (Blengini & Garbarino, 2010) . In many countries aggregate sources are located away from urban centres and concrete manufacturing plants, whereas C&DW is generally generated and recovered in urban areas. The use of recycled aggregates may therefore reduce transport related impacts. There are however, few major urban centres in Ireland outside Dublin and approximately 90% of concrete manufacturing plants are located in close proximity to their aggregate sources (ICF, 2005b) . For Ireland, this would result in a negative environmental impact as the material would require at least one additional journey, traveling from demolition site to a recycling facility for processing. Marinkovic et al. (2010) found that, depending on the distances travelled by materials to manufacturing and construction sites and the relative location of demolition and recycling sites, using recycled aggregates may result in a higher impact on the environment. The MPA also concluded that transporting recycled aggregates distances greater than 15km by road resulted in a negative carbon impact compared to using natural aggregate (MPA, 2012) . However, Blengini and Garbarino (2010) estimated that transport distances would need to increase considerably above this to negate the positive effects of their use.
Economic Considerations
Recycling must be attractive to both demolition contractors and, aggregate and concrete producers. Assuming that the cost of demolishing a building and the sorting/separation of waste for removal off-site are included in a contract price, the most cost-effective solution for the contractor would be the reuse of the remaining building rubble as backfilling on site without further treatment, after the other materials have been removed. Alternately, the material may need to be processed into smaller fraction sizes for other uses on the site. This would involve the use of a mobile crushing plant, which may typically cost in the region of €4.50 per tonne to produce. If the material is not required on site, the demolition contactor must arrange for the material to be transported to either a landfill facility or recycling centre. Typical haulage costs per tonne are provided in Table 6 . The main difference in choosing between landfill or recycling is the landfill tax levy and any gate fees that will be incurred. There are certain exemptions to the levy which include the following categories (S.I. 434, 2011):
• 'Non-hazardous waste from construction and demolition activity, comprising concrete, bricks, tiles, road planings or other such similar materials, with a particle size of 150mm or less, which is used for landfill site engineering, restoration or remediation purposes.
• Excavation spoil comprising clay, sand, gravel or stone, which is used for landfill site engineering, restoration or remediation purposes'.
Under Section 4.6 of the EPA Landfill Manual for Operational Practices, 'traditional covers' to landfill are typically composed of 'sub-soils and other excavation wastes or construction industry wastes such as bricks and crushed broken concrete ' (EPA, 1997) . Additionally, landfill facilities charge a gate fee of between €56 and €81 per tonne for inert waste (Typical charge (gate fee and landfill tax) for legal landfilling of non-hazardous municipal waste in EU Member States and regions, 2013) . If the material is not taken in as landfill cover, the resulting cost may range from €131 to €156 per tonne. In the UK, where the waste is of good quality, for example, uncontaminated high strength concrete, recycling facilities may pay the demolition contractor for the material. However, given the availability of natural aggregate in Ireland, this scenario is unlikely to occur.
In considering whether the use of recycled aggregates would provide a financial benefit to a concrete manufacturer, the costs of buying in already processed material, processing the material in-house and producing natural aggregate must be compared. As many Irish concrete manufacturers use own aggregate sources (ICF, 2005b) , buying in processed material from an external supplier and paying additional haulage charges would be unusual, regardless of the internal pricing policy of the company. A more attractive option may be to take in C&DW for processing. While the processing of C&DW is essentially the same as that of natural material, there are some differences to consider that will affect the relative merits of both processes. Unlike quarried material, recycling aggregate does not incur blasting and extraction costs and the producer may charge a gate fee for taking in C&DW material. However, although processes are similar to that of producing natural aggregate, due to the necessity for heavier plant and lower processing rates to produce the material, the cost of crushing and screening C&DW can be approximately 50% greater than that of natural aggregate. Additional manpower may also be required for increased quality control checks to prevent contamination and ensure consistency of the feed material. Other cost considerations include waste management permits and the additional costs of increasing cement and admixture use to mitigate for possible loss of strength in concrete mixes. Capital investment may be required to provide additional separate storage areas, to prevent inadvertent use or cross contamination. Concrete batching plant control systems may also need to be modified to allow for use of the material.
Alternative Uses
Unlike ready-mixed concrete, pre-cast concrete products are manufactured and stored before being supplied to customers, allowing for their properties to be tested and verified before use. Manufactured using a relatively dry mix and generally not required to achieve high strengths, a 100mm standard concrete block weighing around 20kg will contain approximately 90% aggregate. A small block plant producing 20,000 standard blocks per day will, on average, use over 80,000 tonnes of aggregate annually. Soutsos, Tang, & Millard (2011a) examined the potential use of recycled aggregates in standard concrete building blocks, paving blocks, and paving flags, finding that up to 60% of the coarse fraction could be replaced by recycled concrete aggregate without affecting performance. Initial trials conducted in Ireland have also successfully used recycled aggregate in concrete blocks. However, as with concrete, contamination in recycled aggregate derived from masonry affects strength development (Soutsos et al., 2011a; Soutsos, Tang, & Millard, 2011b; Soutsos, Tang, & Millard, 2012) .
While the National Road Authority (NRA) in Ireland expressly prohibits the use of recycled aggregates in structural concrete, it is allowed in particular types of unbound materials for road pavement construction and for www.ccsenet.org/enrr Environment and Natural Resources Research Vol. 4, No. 4; use in capping materials, subject to meeting certain criteria. With the exception of recycled asphalt, recycled aggregate used for capping material must be derived from a construction process, so as to ensure traceability of the materials' origin (NRA, 2013) . In Finland, the retained cementitious properties and increased strength of recycled aggregate are recognised, which is utilised to either increase the load bearing capacity of the road or to allow for thinner road layers and reduced material use (CSI, 2009b; Vyncke, 2000) . EN 13450:2013, the European standard governing aggregates for railway ballast allows for the use of recycled aggregate from C&DW provided the material meets the requirements set out in the standard (NSAI, 2013b) . Due to the higher water absorption observed in recycled aggregates and the effect on durability, the materials may require testing on a case by case basis to assess suitability. Due to concerns following recent pyrite controversy and to avoid the risk of possible contamination, the use of recycled aggregate is prohibited from use as hardcore under concrete floors and footpaths in Ireland (NSAI, 2014) Alternatively, research published by De Schepper, De Buysser, Van Driessche, & De Belie (2013) put forward the development of completely recyclable concrete (CRC) to overcome difficulties in the acceptance of recycled aggregate. The concept proposes that concrete should be designed to have a similar chemical composition to cement raw materials, enabling the material at the end of its life to become a valuable resource for cement production rather than a waste.
Conclusion
Like many countries, Ireland is facing the problem of what to do with large areas of unoccupied housing. The clearance of these sites leaves the problem of how best the waste material may be reused. Ireland reports consistently high levels of C&DW recycling, yet evidence suggests low levels of recycled aggregate use. This is in part because of the low incentive for use resulting from the widespread availability of high quality, low cost primary material throughout the country.
In terms of costs, the recycling process is similar to that of producing natural aggregate without incurring extraction costs. Advantage may be also gained from charging a gate fee that could increase the contribution to the producer's aggregate business and offset additional manpower, processing, licencing and testing costs. However, investment in additional plant and control systems may be necessary.
Using recycled aggregates also has advantages in conserving resources and has strong merits in terms of reducing impact on land, water resources and the local environment. Conversely, its use could lead to other impacts such as higher cement use to compensate for strength loss and in particular, from additional transport requirements, which must be considered.
The use of recycled aggregate could provide economic benefit that has less impact on the environment than processing natural aggregate. While recycled aggregate is used in many projects, its use in manufacturing ready-mixed concrete remains difficult in both meeting regulatory requirements and in gaining acceptance. This is very much evident in the UK, where despite supports and incentives in place, its use in concrete manufacture is still not widespread. While much research has been conducted into suitability testing and changing current specification methods, the industry recognises that market demand is more likely to be a driver of increasing use than specifically targeted programmes (MPA, 2012; Dhir and Paine, 2007) . With difficulties in achieving significant replacement levels in concrete manufacture in countries where support mechanisms and incentives for use exist, a particular issue may also hamper efforts to encourage greater use in Ireland as following the pyrite contamination issues of the recent past; specifiers are unlikely to approve the use of recycled aggregate without reassurance of quality and performance.
There are many other options available for recycled aggregates produced from C&DW. The material has been shown to perform satisfactorily in lower grade products, where some of the problems associated with use of the material for structural concrete may not be encountered and may even provide enhanced performance when compared to natural aggregate. Also, the cost of producing material suitable for use in manufacturing pre-cast products and road-base construction is generally lower than that required for ready-mixed concrete.
Natural aggregate is a non-renewable finite resource and research in Ireland into the use of recycled aggregate lags far behind many other European countries. Gaining acceptance in an unsupportive regulatory and commercial environment will be extremely difficult. Lessons can be learned from measures to increase adoption rates in other countries, such as banning the recyclable part of C&DW from landfill in the Flanders region of Belgium and The Netherlands (Tojo, 2010; Bohmer et al., 2008) . In particular the aggregate levy in the UK, while unpopular, has been used successfully to provide information and support to industry, in commissioning research into greater use of recycled aggregates and in addressing restrictions placed on the use of the material (MPA, 2012; Dhir and Paine, 2007) .
With high quality, strong natural aggregate used in the parent material production and little research conducted to date in Ireland, it is necessary to assess how this material behaves when used to produce a recycled aggregate. An extraction levy could fund such research to inform product and to provide necessary reassurance to specifiers and producers while encouraging adoption in the market as taxation is ultimately borne by the end user.
